Predicting agent success is a topic that has attracted much attention from the biological control community. Although the likely success of agents establishing in a new environment remains elusively unpredictable, we can often gain an impression of the likely nature of the agent's impact in different environments should it establish in reasonable numbers. The butterfly bush, or buddleia (Buddleja davidii Franch.), is a major weed problem in many regions with temperate or Mediterranean climates and has been identified as the highest priority for biological control in Europe. In New Zealand, it has invaded disturbed sites such as plantation forest coups, roadsides, earth slips and gravel river beds. To combat buddleia in New Zealand, a biological control programme was commenced around 1990. Whilst host-specificity testing was being completed on Cleopus japonicus Wingelmüller, a leaf-feeding weevil, defoliation experiments were undertaken to assess its likely impact on the growth and survival of its prime host, buddleia. Seasonal defoliation studies revealed that in the absence of plant competition, buddleia was quite resilient and able to recover rapidly from severe defoliation. Experiments with plant competition, leaf consumption rates and insect developments rates were used to develop a model to explore the likely impact of C. japonicus.
Introduction
Predicting the likely success of a biological control agent is a topic that has attracted much attention from the biological control community. The prime challenge for biological control practitioners after ensuring agent safety is to select agents that have a high probability of establishing and, if established, will have a significant negative impact on the target weed. The success of this endeavour depends partly on how well the effects of the agent on the growth and survival of the target weed species can be predicted in the country of release (McFadyen, 1998) .
Although numerous examples of complete or partial control of weed species by biological control agents have been reported, there are also many instances where control of the target weed has been negligible (McEvoy et al., 1991; Ooi, 1992; Hoffmann, 1995; McFadyen, 1998; Julien and Griffiths, 1999) . Whilst predicting the success of individual agents in establishing in a new environment remains elusive, we may be able to at least gain an impression of the likely nature of the agent's impact in different environments should it establish in reasonable density. For agents that defoliate plants, it may be appropriate to undertake studies to gauge the impact of different defoliation regimes on various aspects of the plant's natural history.
A broad understanding of how attack by a biological control agent influences a weed's growth and life history traits is helpful for prioritizing guilds of insects or pathogens for inclusion in biological control programmes and quantifying the level of control that can be expected from individual agents (Kriticos, 2003; Kriticos et al., 2003) . Knowledge of the per capita impacts of putative agents and relative ranges of their natural rate of increase can provide practitioners with an indication of the likely relative impacts that agents with different modes of attack might have on the target plant (Raghu and Dhileepan, 2005) .
For folivorous biological control agents, accurate determination of their influence on plant growth, and how these interactions change across environmental gradients, requires an understanding of the mechanisms by which leaf area reductions influence growth processes. In many species, reductions in biomass are proportionately lower than reductions in leaf area (Langstrom and Hellqvist, 1991; Lavigne et al., 2001) , as plants can respond to defoliation through compensatory growth (McNaughton, 1983; Strauss and Agrawal, 1999) . Compensatory responses that have been observed include increased biomass allocation to leaves (Pinkard and Beadle 1998) and increases in photosynthetic activity (Heichel and Turner, 1983; von Caemmerer and Farquhar, 1984; Trumble et al., 1993) . Leaf tissue removal has also been shown to either increase (Mabry and Wayne, 1997) or reduce (Dirzo, 1984 ; Mabry and Wayne, 1997) longevity of remaining leaves.
The butterfly bush, or buddleia (Buddleja davidii Franch., Buddlejaceae), is a major weed problem in many regions with temperate or Mediterranean climates (Fig. 1a, b) , and it has been identified as the number one priority for biological control in Europe (Sheppard et al., 2006) . Cleopus japonicus Wingelmüller (Coleoptera: Curculionidae) is a leaf-feeding weevil that has been identified as a biological control agent for buddleia. After extensive host-specificity testing, C. japonicus was released in New Zealand in late 2006. Initial results indicate that it appears to be establishing well in the field, although the field populations are yet to experience a winter in New Zealand. Before releasing this agent, we undertook a study to assess the potential impact of defoliation and improve biological control practice. The method outlined in this paper provides a framework for quantifying the net growth impact of feeding by folivorous biological control agents on weeds. This method also provides a means of understanding critical levels of defoliation needed to achieve target levels of weed suppression.
Materials and methods
The experimental site was located adjacent to the Ensis nursery at Rotorua, New Zealand (lat. 38.2°S, long. 176.3°E). In midwinter of 2004, small B. davidii seedlings were transplanted into single row plots (3 × 3 m) laid out in a randomized complete block design, with ten blocks and a two-row perimeter buffer. This spacing ensured that plants were not subject to competition from adjacent plants for light, water or other resources. The 40 plants within the experiment were randomly allocated to ten blocks, which included the following four treatments: (1) undefoliated control, (2) removal of 33% leaf area, (3) removal of 66% leaf area and (4) removal of 100% leaf area. For the defoliation treatments, entire leaves were removed on a monthly basis manually, to simulate the effect of insect defoliation, from late spring to late summer, initially (November) on all leaves present, and thereafter (December to February) on newly emerged leaves following the previous defoliation.
A simple process-based growth model was fitted to measurements to identify compensatory mechanisms induced by defoliation and quantify their influence on above-ground plant biomass (W p ) and the ratio of leaf to total biomass (W l /W p ).
Above-ground biomass growth was modelled using the light use efficiency model. This model determined on a daily basis the sum of utilizable intercepted radiation from canopy characteristics (leaf area index, crown diameter), radiation and temperature. Aboveground biomass was then determined as the product of utilizable radiation and light use efficiency, and a fraction was allocated to the leaves. Both estimated leaf and biomass growth were then added to the value for the previous day to obtain cumulative total values. Estimates of plant leaf area were then determined as the product of specific leaf area and cumulative leaf mass, from which estimates of radiation interceptance and biomass growth were then made over the next time step. Full details of the derivation of the model were given by Watt et al. (2007) .
Results
Values of W p for treatments D 33, D 66 and D 100 were 61%, 44% and 8%, respectively, compared with the undefoliated control (D 0 ). The defoliation treatments also resulted in significant reductions in plant height, basal diameter and crown diameter (Fig. 2) . The model fitted data well (Fig. 3 ) and indicated that increased defoliation was also positively related to light use efficiency, daily allocation of biomass to leaves and the specific leaf area and negatively related to rates of natural leaf loss (M. Watt, unpublished data). Although the plants were able to change growth characteristics, they were unable to catch up to the control plants in the course of a single growing season.
Discussion
Buddleja davidii has a strong tolerance for leaf loss, including the ability to recover from complete defoliation to a balanced allometric state in a relatively short period. This would allow it to commence growing rapidly if environmental conditions were favourable and if the cause of defoliation was removed after the initial defoliation episode. Nonetheless, there are several factors that give cause for optimism for the chances of C. japonicus controlling B. davidii under field conditions. Despite the obvious resiliency, there was a substantial reduction in plant size at the end of the experiment. If defoliation by a folivore can reduce the vigour of B. davidii sufficiently, then desirable vegetation may gain a competitive advantage over the weed. It is also likely that repeated defoliation over successive growth seasons would cause further depletion of energy and nutrient reserves. A separate study is examining the effect over multiple seasons. Selection of biological control agents is very timeconsuming and costly (McFadyen, 1998) . The modelbased approach outlined in this paper could provide a rapid cost-effective solution for assessing the likely impacts of candidate biological control agents. Once parameterized for a particular weed species from field measurements, the model could be used to examine how a large number of potential biological control agents, with a wide range of per capita defoliating intensities, influence growth of the target species. Given the sensitivity of net defoliation rates to agent abundance and uncertainties around the population dynamics of exotic agents before their release and establishment in a new range, it is unlikely that a precise prediction of an individual agent's success could be made using this model. However, this type of model could at least help assess the likely effects of folivores compared with agents from other guilds.
Although mechanical defoliation experiments may not accurately reflect the full range of effects of herbivores (Lehtilä and Boalt, 2004; Schooler et al., 2006) , they have been found to be useful for accurately assessing plant responses to various levels of defoliation (Strauss, 1988; Inouye and Tiffin, 2003; Hjältén, 2004; Raghu and Dhileepan, 2005; Wirf, 2006; Raghu et al., 2006; Schooler et al., 2006) . Artificial and real herbivory have their respective strengths and weaknesses. Artificial herbivory can be precisely applied and does not involve any biosecurity considerations, although it may not accurately reflect the process of interest. It can also be applied in situations where the agent cannot be applied because of, say, biosecurity considerations. Conversely, real herbivory may be a more direct application of the treatment effect, but it may be difficult to achieve or measure treatment levels or covariates. Ideally, both artificial and real herbivory effects should be measured to draw on the strengths of each approach (Lehtilä and Boalt, 2004; Wirf, 2006) .
